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FOREWORD 


This  report  was  prepared  by  the  Aerophyolee 
Developsient  Corporation  under  U.3.  Air  Force  Con- 
trast Number  AF  23(616) -37.  This  is  the  seoond 
quarterly  progress  report  of  the  work  completed 
by  16  July  1962  under  the  research  and  development 
eontraot  identified  by  Expenditure  Order  No*  R-467- 
4 BR-1*  The  report  is  the  seoond  of  a series  to  be 
Issued  on  this  project,  the  first  having  been  pub- 
lished on  April  1,  1962,  the  third  due  on  Ootooer 
24,  1952,  and  the  last  and  final  report  due  on  Jan- 
uary 24,  I960* 

Inoluded  among  those  who  cooperated  in  these 
preliminary  studies  is  J.  Beggs,  who  worked  on  the 
preliminary  design  and  preliminary  layouts  of  the 
engine* 
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ABSTRACT 


In  order  to  earry  out  a realistic  performance 
analysis  of  the  pulse-dot- jet  system,  the  configura- 
tion shown  in  Figure  1 was  assumed.  The  detonation 
tubes  are  arranged  in  6 oonoentric  rows  of  32  tubes 
each,  giving  an  engine  diameter  of  34  inches.  The 
length  of  the  tubes  is  15  inches  and  the  overall  , 
length  of  the  engine  is  55  inches*  The  dry  weight  is 
about  900  lbs. 

In  order  for  the  engine  to  operate  at  the  maxi-  ' 
mum  oyole  temperature  of  3500°F,  the  most  suitable 
structure  was  found  to  be  an  uncooled  tube  assembly 
constructed  of  suitable  high  temperature  materials* 

A number  of  alternate  systems,  including  cooling, 
were  explored.  It  was  found  that  air  oooling  requires 
an  abnormally  large  amount  of  fin  area  on  the  outside 
of  the  tubes;  liquid  oooling  requires  a large  radiator. 
Zirconium  Boride  or  Graphite  promise  to  be  the  most 
suitable  materials  for  unoooled  tube  structures.  Cal- 
culations lndioate  that  they  are  sufficiently  thermal 
shock  resistant  for  the  operating  conditions  of  the 
engine.  Graphite  ooated  with  molybdenum  disilioide 
or  silicon  carbide,  to  prevent  oxidation,  is  commercial- 
ly available.  Zirconium  Boride  is  being  made  on  & 
laboratory  so&le  and  has  shown  outstanding  performance 
in  small  rocket  nozzles. 

The  experimental  apparatus  for  initiating  a deto- 
nation wave  by  means  of  a shook  wave  has  been  set  up 
and  some  preliminary  experiments  have  been  initiated. 

This  engine  coijfiguration  shows  Its  greatest 
promise  as  a competitor  to  the  ram- jet.  rTTnUl  deliver 
unHSiwr*  ■■  tu  Mach  Eumbers 

at  a lower  nnsrtlfla  fral  .,nnneiimn+.i the  same 
time,  provide  static  thrust  and  power  18  Kooelerate 
from  take-off  to  high  supersonic  cruising  speed. 
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INTRODUCTION 


The  first  quarterly  progress  report  (Referenoe  1}  gave 
the  preliminary  performance  for  the  simplified  oyole  of  the 
Pulse-Det-Jet . Relations  for  the  speoifio  fuel  consumption, 
thrust  per  unit  area,  and  pounds  of  thrust  per  pound  of  air 
per  second  have  been  calculated  for  subsonio  flight  Mach 
Numbers  over  a wide  range  of  pressures  and  temperatures.  A 
second  series  of  computations  was  carried  out,  including  the 
inlet  and  duct  frictional  losses.  The  performance  was  com- 
puted and  plotted  against  the  following  parameters i 

{a}  L - length/diameter  ratios 

IT 

(b)  M0  - flight  Mach  Number 

(0)  - duct  h’aoh  Number 

(d)  Ty  - maximum  cycle  temperature 

These  first  computations  determined  some  of  the  critioal 
elements  of  the  propulsion  system.  They  are; 

(1)  The  initiation  of  detonation 

(2)  The  design  of  the  valve  and  timing  mechanism 

(3)  Grouping  of  tubes  in  one  unit 

(4)  Estimation  of  burning  time 

(5)  Estimation  of  valve  opening  and  closing  times. 

The  work  reported  herein  is  a continuation  of  the 
research  reported  in  Referenoe  1* 
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1 • 1 Applications  of  the  Engine 

The  application  of  the  engine  will  determine  its  actual 
form  and  performance.  It  is  felt  that  the  applications  of 
this  engine  will  be  many  and  varied.  In  order  to  simplify  tne 
preliminary  .erfornance  estimation,  a specific  type  was  con- 
sidered. This  permitted  an  analysis  of  the  valve  configuration, 
tne  valve  ohar&oteristioo,  and  the  effect  of  tne  valve  on  the 
performance . 

Promising  applications  of  tuis  engine  appear  to  be  as 
follows: 

1 . Power  Pack 

£.  huided  ! issile  Power  Plant  with  Jiatic  T trust 

(a)  Jubsonio 

(b)  Supersonic 

5,  Aircraft  Powerplant 
{&)  Subsonic 
lb)  Supersonic 

4.  Helicopter  Propulsion 

l.  Combustion  C naif.be  r or  Afterburner  for  a Tor  bo- Jet 

C.  Surner  for  a Ham- Jet 

7.  Stationary  in.ine  as  an  auxiliary  power  Plant 

It  was  decided  to  consider  an  engine  capable  of  propelling 
a guided  missile  from  aero  flight  speed  to  a cruising  lac.n  Humber 
of  2. BO.  The  choice  of  these  flight  speeds  does  not  preclude 
that  these  are  the  limits,  but  only  sets  down  a definite  applica- 
tion for  tne  Pul3e-Pet- Jet . For  any  other  application,  t ie  con- 
figuration will  have  to  be  modified  to  suit  tne  requirements. 

1.2  Preliminary  Design  Layouts 

The  mechanical  design  layouts  of  a typical  engine  embodying 
tae  pulse  detonation  cycle  had  to  be  considered  in  order  to 
determine  that  tnere  were  no  obvious  meonanioal  problems  that 
could  not  be  solved.  The  mechanical  design  was  not  considered 
in  detail,  but  only  generally.  This  was  also  necessary  so 
that  more  realistic  valve  characteristics  could  be  calculated. 
The  mechanical  grouping  of  the  tubes  was  also  a governing 
factor  affecting  the  efficiency  of  the  discharge  and  scaveng- 
ing phases.  As  is  shown  in  Section  III,  tnese  preliminary 
design  considerations  have  indicated  that  the  heat  transfer 
problem  in  the  cooling  of  the  tubes  and  tne  whole  engine  is  a 
ma^or  one  for  an  engine  of  high  specific  thrust,  and  that  the 
moat  promising  solution  is  to  construct  the  tubes  from  ceramic 
materials  or  coated  graphite. 
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Consideration  on  the  preliminary  design  layouts  went 
along  hand-in-hand  with  the  preliminary  performance  calcula- 
tions. ’.'any  designs  were  considered  for  the  vulvas,  includ- 
ing flap,  cutterfly,  Venetian  blind,  sleeve  and  rotating 
plate  types.  At  first  it  was  decided  that  each  Individual 
tube  have  its  own  valve.  This  would  be  neoessary  wnen  tne 
tube  is  used  to  power  a nelioopter  rotor,  but  when  a number 
of  tubes  are  nested  in  a group,  the  mechanism  of  operating 
and  timing  each  single  valve  becomes  too  cumbersome  and  com- 
plicated. 

It  has  been  noted  (Reference  1)  that  short  closing  and 
opening  times  are  required  and  therefore  vibratory  motions 
were  considered  for  the  valves.  On  the  other  hand,  the 
large  accelerations  required  for  opening  and  closing  necessi- 
tated the  use  of  very  heavy  and  oumbersome  springs.  The 
rotating  sleeve- type  valve  on  a single  tube  with  inlet  and 
discharge  openings  arranged  in  slots  on  the  tube  wall  requir- 
ed high  rotational  speeds  and  presented  too  large  a bearing 
surface. 

* The  drum  type  valve  with  the  tubes  arranged  around  its 
periphery  and  discharging  through  slots  perpendicular  to  t;.e 
tube  axes  showed  the  mo3t  promise.  This  configuration  was 
soon  discarded  due  to  ita  inherent  disadvantage  of  limiting 
the  arrangement  of  the  tubes  to  one  row.  The  ratio  of  ti.e 
total  cross  sectional  area  of  the  tubes  to  the  maximum  cross 
sectional  area  of  the  engine  was  too  small  (i.^.  26;.). 

This  led  to  a second  design  oonf iguratiOri  (dee  Figure  1), 
where  the  air  flowed  straight  through  tne  tubes  and  eacu 
valve  took  the  form  of  a rotating  disc  witu  cutouts.  .»'itn 
this  arrangement,  up  to  60, j of  the  maximum  cross  sectional 
area  of  the  engine  could  be  utilized  as  combustion  chamber 
area. 

The  maximum  tip  speed  of  the  rotating  valves  was  set  at 
750  ft/seo.  The  cutouts  in  the  valves  were  arranged  so  that 
diametrically  opposite  tubes  were  discharging  at  the  same 
time,  producing  a force  balanoe  about  the  center  line  of  tne 
engine.  Each  tube  cycles  twioe  for  each  revolution  of  the 
valve.  This  determines  the  length  of  the  tubes  to  be  15 
inches.  The  diameters  of  the  tubes  were  kept  as  small  as 
possible  in  order  to  keep  the  cut-off  times  as  snort  as  possi- 
ble. 


The  speed  of  the  valve  and  the  number  of  cycles  for  each 
valve  revolution  determines  the  duration  of  a cycle.  The 
duration  of  a oycle  determines  the  length  of  the  detonation 
tubes.  For  a two-cycle  valve  (each  tube  cycles  twioe  for  each 
valve  revolution)  and  a given  tube  length,  the  angle  subtended 
by  eaoh  tube  determines  the  time  required  for  the  tube  to  open 
and  to  close.  The  ratio  of  the  time  the  tube  is  opening  and 
olosing  to  the  time  the  tube  is  fully  opened  determines  the 
amount  of  air  that  aotually  flows  into  the  tube. 
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Cage  (a)  The  lower  limit  of  the  tube  lengths,  for 
an  engine  with  a two-cyole  valve  with  an 
upper  limit  of  750  fpa  on  the  valve  tip 
speed,  is  15  inches. 

This  tube  length  can  only  be  reduced  by 
having  the  tubes  cycle  more  than  twice 
for  each  valve  revolution,  oince  a force 
balance  is  necessary  about  tne  center 
line  of  the  engine,  only  an  even  number 
of  cycles  per  valve  revolution  can  be  usei . 

Case  lb)  The  lower  limit  of  tne  tube  lengths,  for 
an  engine  with  a four-cycle  valve  wit.  an 
upper  limit  of  750  fps  on  tue  valve  tip 
speed,  is  7{  inches. 

For  Case  (a)  tae  ratio  of  the  tire  tne  valve  ia  fully  open 
to  the  total  time  the  valve  is  opened  is  0.770;  for  Case  \b) 
the  ratio  ia  a. 59.  The  mass  flow  for  Case  la)  is  88. 5v-  of  trie 
mass  flow  of  a theoretical  engine  uaving  valves  that  open  and 
close  discontinuous!;/ . The  mass  flow  for  Case  lb)  is  7b. 5;  of 
that  of  the  theoretical  engine.  The  thrust  of  ti.e  engine  of 
Case  (b)  is  89^  of  that  of  tae  engine  operating  under  tne  con- 
ditions of  Case  la).  The  engine  weight  of  Ca3e  lb)  i3  only  69 
of  tne  weight  of  the  engine  of  Case  taj  . Jir.ce  only  a very 
slight  gain  is  obtaineu  in  t.iruut/woignt  ratio  by  using  ti.e  ?£- 
inch  tubes,  the  requirement  of  saving  tae  larger  thrust  from 
the  15-inch  tubes  becomes  more  important.  For  maximum  t;ru3t, 

15  inches  is  the  optimum  len.-ta  for  tne  tubes  of  this  engine. 

On  the  other  hand,  it  may  oe  pivctio'l  to  air  cool  ti.e  shorter 
tubes  and  for  other  applicrtions  tnia  may  be  a determining 
factor. 

Preliminary  neat  transfer  calculations  snow  that  approxi- 
mately eight  tirneB  ti.e  surface  area  is  reuired  for  dins* on  tne 
outside  of  eaoh  tube  to  cool  the  wall  to  1500°  F when  tne  maxi- 
mum oyclc  temperature  is  5500°  7.  Tnis  leads  to  a very  heavy 
construction  for  each  tube,  and  it  also  necessitates  moving  t .e 
tubes  farther  apart,  giving  a poor  nesting  arrangement.  Liquid 
cooling  required  a very  large  radiator  and  a large  mass  flow  of 
liquid.  It  was  decided,  therefore,  to  consider  ceramic  material 
for  tae  tubes,  such  as  stabilized  zirconium  oxide  or  grapnitar. 
Seotion  III  gives  a complete  discussion  on  the  cooling  proble;  . 
The  allowable  maximum  pressure  level  in  tne  tubes,  based  on 
stress  considerations,  will  determine  the  maximum.  Inch  '.umber 
for  each  altitude. 

The  valves,  on  the  other  hand,  must  be  cooled  and,  since 
the  fuel  must  be  heated  in  order  for  it  to  vaporize  on  infection 
into  the  air,  fuel  cooling  is  used  on  the  valves.  The  fuel  will 
be  brought  into  a header  at  the  front  of  the  engine, where  it 
will  be  allowed  to  flow  spirally  around,  and  towards  tne  rear 
of , the  engine.  It  then  will  be  duoteu  through  struts  to  t ,e 
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axial  shaft,  then  into  the  rear  Taira.  It  will  then  flow 
forward,  through  the  ehaft  into  the  front  ralve  and  then  to 
the  fuel  nozzles.  The  pressure  in  the  fuel  system  will  he 
such  that  the  fuel  will  remain  in  the  liquid  form  through- 
out its  passage.  As  soon  as  the  pressure  of  the  fuel  is 
reduced  upon  its  injection  into  the  air  stream,  the  fuel 
will  vaporize.  Vaporized  fuel  will  he  neoeseary  to  support 
detonation. 

The  source  of  power  with  which  the  valves  are  to  he  driven 
has  not  heen  definitely  deoided  upon.  The  following  methods 
have  heen  considered: 

1.  Turbine  driven  by  some  of  the  exhaust  gases 

2.  Turbine  driven  by  the  inlet  gases 

3.  Auxiliary  turbine  driven  by  a gas  generator 

4.  Auxiliary  powerplant 

The  method  finally  selected  will  he  determined  partially  by  the 
system’ used  to  govern  the  speed  of  valves.  It  will  be  necessary 
to  control  the  valve  speed  reasonably  accurately.  The  calcula- 
tions so  far  have  indicated  that  the  valve  siieed  is  a function 
of  the  square  root  of  the  inlet  total  temperature. 

The  solid  portion  of  the  exhaust  valve  ia  hollowed  out  to 
permit  the  feed-back  of  the  high  pressure  and  temperature  gases. 
The  duct  in  the  exhaust  valve  ia  positioned  such  that  it  inter- 
connects the  tubes  which  are  at  a high  pressure  to  the  tubes 
that  are  ready  to  be  ignited.  In  tills  way,  a very  strong  shock 
wave  is  formed  and  propogated  through  the  fuel-air  mixture. 

Spot  calculations  show  that  a pressure  ratio  of  about  4 to  5 
can  be  obtained  across  the  shook  wave  with  this  cross-feed. 

This  cycle  will  be  investigated  and  reported  in  the  next  progress 
report. 

Figure  1 shows  an  artist’s  conception  of  the  engine  exploded 
to  the  main  sub-assemblies. 
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SECTION  II 

PERFORMANCE  ANALYSIS  OF  PRESENT  CONFIGURATION 


2.1  Cycle  of  Operation 


The  basic  oyole  was  described  in  the  previous  progress 
letter  (Reference  1).  The  aotual  cycle  of  operation  is  only 
slightly  modified  due  to  finite  out-off  times.  Figure  5 shows 
the  wave  diagram  on  a tifae-diatance  plot.  The  pressure  in  the 
tube  is  allowed  to  drop  during  the  discharge  phase  to  a prede- 
termined value,  less  than  the  inlet  ram  pressure,  v/hen  the 
inlet  valve  opens  (start  of  scavenging)  a compression  wave  is 
formed  which  travels  down  the  tube  accelerating  the  burnt  gases 
to  the  required  A'aoh  Number.  The  fresn  fuel-air  mixture  is 
admitted  at  the  front  end,  while  the  burnt  mixture  is  ejected 
axially  out  the  baok. 

The  suock  wave  produced  during  the  pulse  compression  phase 
will  be  used  to  ignite  or  detonate  the  fuel  air  mixture. 

Actually,  this  wave  is  relatively  weak  (pressure  ratio  2.0) 
and  therefore  an  easily  detonable  fuel  will  nave  to  be  injected 
into  the  front  end  of  the  tubes,  while  the  remainder  will  con- 
tain the  regular  fuel.  An  alternate  met  nod  of  detonating  the 
fuel  Is  at  present  being  studied,  but  the  oyole  calculations 
nave  not  yet  been  completed.  Briefly,  this  method  uses  tne  not 
high  pressure  gases  from  a tube  that  has  been  previously  fired 
and  ducts  them  back  through  the  exhaust  valve  into  a tube  which 
is  ready  to  be  fired.  This  produces  a very  strong  shock  (pressure 
ratio  2*  4 or  5)  and  also  produces  a much  higher  maximum  cycle 
pressure,  however,  this  full  pressure  is  not  realised  for  the 
discharge,  since  the  gases  are  fed  back  to  ignite  another  tube. 

The  first  preliminary  calculations  show  that  the  trrust  is  not 
changed  from  the  basic  oyole  and  the  specific  fuel  consumption 
Is  only  slightly  increased,  but  the  advantage  gained  by  having 
a strong  snook  present  makes  this  type  of  cycle  preferable  over 
the  basic  cycle  described  previously.  Furti*or  investigations 
of  this  cycle  are  being  continued. 


£.2  Non-3tationary  Flow  Process  During  the  discharge  Phase 


Simplified  investigations  were  anrried  out  on  the  non- 
stationary flow  prooess  to  determine  the  actual  duration  of  a 
cycle  for  given  inlet  conditions. 

The  following  assumptions  were  made  in  order  to  compute 
the  wave  diagram  for  the  discharge  pnase: 

1.  The  exhaust  valve  is  opened  instantly 

2.  One -dimensional  flow  is  considered  only 
(Jtraight  duct  fore  and  aft  of  exhaust  valve) 

The  procedure  followed  for  the  calculations  was  that  given  by 
Cruder  ley  in  Reference  2.  The  wave  diagram  is  shewn  in  Figure 
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and  the  conditions  in  state  (7)  are  thoee  existing  in  the  tube 
just  before  the  exhaust  valve  is  opened* 


By  the  use  of  the  above  equations,  the  values  for  Aand/ioan 
be  found  for  eaoh  point  on  the  characteristic  net* 


The  inlet  valve  (whioh  is  dosed)  is  looated  at  position  A; 
the  exhaust  valve  (which  is  opened)  is  looated  at  position  B. 

(See  Figure  2).  Along  the  inlet  valve  the  C'oharaoteristioa  are 
reflected  and  they  become  the  C characteristics  and  therefore  A 
V**  at  the  inlet  valve.  For  any  state  (t),  solving  the  previous 
equations,  we  get 

(»-«)♦']  |8) 
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Figure  3 gives  the  value  of  A , p^/p 2 To r aacu  point  of 

reflection.  The  numbering  on  ei  ch  point  "'on  the  characteristic 
net  is  arbitrary. 


For  given  conditions  in  the  combust! on  c number  just  prior 
to  the  diaonarge  phase  and  for  a given  pressure  at  the  inlet  valve, 
the  time  required  for  discharge  down  to  tois  pressure  can  be  found 
from  Figures  2 and  3.  Tne  distance  A*  3 is  scaled  off  to  eaual  the 
length  of  the  combustion  tube.  Using  the  same  scale,  the  dis- 
tance from  the  origin  to  the  correct  index  point  measured  along 
the  time  axis  is  found,  ?nia  number  is  then  divided  by  »7  (using 
consistent  units)  to  give  the  time  re  mired  for  the  pressure  to 
drop  from  P7  to  P*  at  the  inlet  valve.  The  time  obtained  for  ti.e 
discharge  phase  in  this  manner  cnecks  to  wituin  1;  of  tae  time  com- 
puted by  steady  flow  methods. 


Typical  case  for 
ft7  = 2955  ft/ sec 


l-0  ■ 2.00  T7  : 0960°  R 
Pl/p„  = U.U907 

Vfj 


A = 1.64 


Rioou.  (steady)  z 0.00157  secs. 

' t hiach,  Inon-utat.)  r 0.00156 


secs. 


The  pressure  at  the  end  of  tae  discharge  phase  will  be  •seterinin- 
ed  by  the  flov/  velocity  re  mired  for  scavenging.  It  will  be  assumed 
that  the  inlet  valve  onens  instantaneously ,>  The  pressure  ratio 
across  the  inlet  valve  wTlT  bb  dU'CH  tiiaT'w.^d  tue’vilve  opens  a wave 
configuration  Is  formed  w’uicu  accelerates  ti.e  new  fuel-air  ir«ix*ure 
to  i'2  * 0.6.  The  pressure  in  front  of  the  vlve  is  tne  total  measure 
of  the  inlet  air.  . hue  wave  configuration  for™ * . nv*  i.,,e  open- 

ing of  tne  inlet  valve  is  shown  on  figure  4,  Ti.e  v Ive  ia  located 
at  point  r. . Tue  valve  opens  at  7"  = o.  A ty;>iocl  case 
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2,3  Way  Diagram  for  a Cyol# 


I ha  non-atutionary  way  diagrams  were  drawn  by  using  tha 
assumption  of  linear  variations  as  tha  valves  opened.  The 
aaoeleration  of  the  interface  between  the  burnt  and  new  mixtures 
was  assumed  to  take  plaoe  through  a compression  wave  having  a 

Sressure  ratio  of  1,70,  This  strength  of  wave  produces  a flow 
aoh  Number  in  the  tube  of  0,6,  The  compression  wave  was  divided 
into  five  parts  (or  charaoteriBtioa) , each  characteristic  in- 
creasing the  interface  velocity  by  1/5  of  the  final  velooity  to 
give  a final  leach  Number  of  0,6  in  the  new  mixture.  The  stopping 
of  the  fluid  partioles  and  the  formation  of  the  shook  wave  by 
the  exhaust  valve  is  computed  in  the  same  way.  For  these  compu- 
tations and  for  tubes  of  15  inches  in  length,  the  time  for  con- 
stant volume  burning  was  assumed  to  be  0.0015  seos.,  for  W0  ■ 2.80. 

, For  any  of  the  other  flight  Kaoh  Numbers  (M0),  the  rotational 
speed  of  the  valve  was  computed  from  the  scavenging  and  the  pulse 
compression  phases  of  tne  cycles.  By  making  the  opening  and  clos- 
ing times  of  the  valves  ooinoide  with  the  arrival  of  the  waves 
in  these  phases,  the  duration  of  the  total  oyole  was  obtained. 

This  automatically  determined  and  'taaen  , and  it  was  found  that 

they  very  nearly  ooinolded  with  the  theorstioal  duration  of  the 
phases.  The  actual  time  available  for  dlsonarge  was  a few  percent 
longer  than  that  determined  by  theoretical  calculation.  Slnoe 
this  would  detflrrnina  the  final  pressure  in  the  tube  after 
discharge,  and  since  it  meant  unat  this  pressure  wm  1CW5T  than 
that  required  in  the  tube  to  initiate  soavenglng,  it  waa  felt 
thi^would  not  be  detrimental  to  the  cycle  of  operation;  At  the 
saaeTEns,  this  simplified  the  valie  liming  ~dunsldsrablj>.  The 
time  available  for  burning,  of  course,  varied  with  the  valve 
speed,  but,  slnoe  the  time  required  for  burning  was  only  an  assump- 
tion, It  was  felt  that  the  variation  with  Kaoh  Number  could  be 
tolerated  until  mors  definite  experimental  results  proved  other- 
wise. Therefore,  the  physical  valve  configuration  remained  the 
same, while  only  the  valve  spssd  varied  in  aooordanoe  to  the  time 
of  arrival  of  the  interface  of  the  new  mixture  to  the  exhaust 
valve  and  the  puls#  compression  wave,  (See  Figures  5 to  9), 

Slnoe  these  way  speeds  depend  on  the  velooity  of  sound  of  the 
inooming  air,  then  the  rotational  speed  of  the  valve  depends 
only  on  the  squire  root  of  the  inlet  total  temperature. 

The  wave  diagrams  shown  on  Figures  5 to  6 were  computed  from 
the  conditions  of  the  incoming  air  and  the  tube  lengths,  using 
the  method  dssorlbed  aboy.  figure  9 shows  the  ylve  timing  dia- 
grams whioh  give  the  angular  dimensions  of  the  open  end  closed 
portions. 
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2*4  Performance  Analysis  of  Basins 


The  duration  of  ths  oyola  for  each  flight  yolooity  wan 
taksn  from  ths  wave  diagrams  {Figurts  6-8).  Ths  vslooity  and 
prsssurs  of  the  seavsnged  burnt  gases  was  computed  and  the 
impulse  obtained  from  this  disoharge  was  added  to  make  up  the 
gross  impulse  produced  by  the  engine*  The  Intake  impulse  was 
subtracted  to  giye  the  net  impulse  produoed*  The  thrust  was 
obtained  by  diyldlng  the  net  Impulse  by  the  durations  of  the 
oyole  obtained  aboye*  In  ealoulating  the  thrust,  the  follow* 
ing  assumptions  were  made  regarding  diffuser  efficiency: 


Total  Pressure  Ratio 


Speed 


1,00 

.95 

.65 


0<  M Cl.O 
Mo  =2 
M0  -2.80 


A smooth  ourye  was  assumed  between  M0  • i and  2.80 

The  speoiflo  fuel  consumption  was  computed  by  means  of 
Figure  10.  The  difference  between  constant  volume  burning  and 
constant  pressure  burning  can  be  seen  by  comparing  Figures  10 
and  11,  For  the  same  fuel  ratios,  there  is  a smaller  temperature 
rise  for  the  constant  pressure  curves  than  there  is  for  the  con- 
stant volume  ourves.  Both  of  these  curves  wsre  computed  from 
the  data  given  in  the  tables  and  charts  in  References  3 and  4. 

The  effect  of  dissociation  at  ths  higher  temperatures  is  con- 
sidered in  these  curves. 


The  performance  ourves  wsre  calculated  for.  three  maximum 
cycle  temperatures  (corrected  for  altitude):  * 1960°R, 

2960OR  and  3960?R.  The  actual  maximum  oyole  temperature  at  any  ) 
altitude  can  be  found  from  the  appropriate  value  of  0 at  that  » 
altitude.  Figure  16  gives  a table  of  the  actual  temperatures 
for  various  altitudes  for  eaoh  of  the  above  oorreoted  tempera- 
tures. 

The  maximum  design  prealure  differential  between  the  out- 
side and  the  Inside  of  the  tubes  is  500  pel  (See  Section  III). 
This  maximum  design  pressure  was  reduced  by  a factor  of  1.80 
in  order  to  take  oarc  of  ths  instantaneous  local  high  pressure 
that  is  present  immediately  behind  a detonation  wave.  In  com- 
puting the  design  pressure  differential  for  the  tubes,  it  was 
assumed  that  ths  maximum  oyole  temperatures  remained  below 
4500®F»  The  ambient  pressure  is  equal  to  the  ram  pressure  for 
each  flight  Maoh  Number.  Ths  maximum  Maoh  Humber  for  each 
altitude  was  oomputed  and  plotted  on  Figure  18,  taking  into 
aooount  the  abort  pressure  a/id  temperature  limitations. 

* „ Ara«  ooeffioient  of  a typical  large  missile  is  plotted 
on  Figure  17la).  The  missile  has  a ground  launoh  weight  of 
52,000  pounds,  with  a wing  area  of  425  square  feet.  Figure  15 
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■howa  tha  variation  of  throat  eoeffioient  of  a pulse-det- jot 
angina  of  34-inoh  diameter.  This  angina  could  ba  aoalad  up 
or  down  In  also  but,  for  simplicity* a sake,  lot  us  ooaside^—  —* 
tha  performance  attainable  with  foor  of  thoaa  34-ta£b-02lglnee  5 
weighing  a total  of  about  3600  pounds.  This  jiecVTplant  weight  ' 
la  about  half  that  of  turbo  Jata  with  afterburner  HITIBg  Tfll 
aama  thrust  at  high  auparaonio  opeada.  It  will  ba  notad 
(Figure  16)  that  this  ay atom  has  aufflolant  azoaaa  thrust  to 
accelerate  through  K « l at  aaa  level  by  operating  at  a maxi- 
mum oyola  temperature  f_-_  s 3000^? • Tne  maximum  oruialng 
speed  at  h * 36,000  ft.  will  ba  U * 3.80  for  !w  s 2640°. 
Similarly,  at  26,000  feat  altitude,  this  system  has  aufflolant 
thrust  to  aooelerate  through  H s l and  aooelerate  to  U t 2. 80 
by  oparsting  at  !-.T  = 2800*F.  From  Figure  17  it  will  ba  noted 
that  the  minimum  flight  velooity  at  sea  level  oeoura  at  IL;  0.27 
for  s 3500*?  o r 0.32  lr  ?Tfr  z 2600®F.  Xeeenti elly , 

the  engine  is  a aalf-aooalarating  ram- Jet  with  a speoifio  fuel 
consumption  of  1.8  to  2.0  at  tha  high  auparaonio  velocities. 

The  maximum  oross-saotlonal  diameter  of  the  engine  is  34 
inehea,  the  length  is  66  inches.  The  cross-sectional  area  of 
the  oombustlon  tubes  ia  441  square  inches  or  51.5JC  of  tha  maxi- 
mum orosa-aeotlonal  area  of  tha  engine.  The  maximum  croaa- 
■aotional  area  of  the  engine  ia  6.30  square  feat.  There  are  six 
ooneantrlo  rows  of  32  tubaa  each.  The  diameters  of  the  tubes 
are  2.46" , 2.076",  1.75",  1.40",  1.18",  0.95"  from  the  outer  to 
the  inner  rows  respectively.  The  length  of  the  tubes  eve  15" . 

Tha  total  dry  weight  of  the  engine  is  approximately  900  lbs* 


2.5  Leakage  Losses 


The  leakage  losses  at  the  exhaust  valve  will  be  relatively 
small.  The  only  time  tha  exhaust  valve  is  oloaad  is  during  the 
pulse  compression  phase  and  during  burning.  During  the  eompreaalo 
phase,  the  pressure  is  low  in  the  tubes  and,  therefore,  very 
little  leakage  will  ocour.  During  the  burning  phase,  the 
pressure  will  rise  in  the  tubes  and  leakage  idll.^oour.  On  the 
other  hand,  if  the  feedback  system  is  used  by  dusting  the  gases 
through  a ohannel  in  the  exhaust  valve,  the  only  leakage  that 
would  ocour  is  through  the  outer  periphery  of  the  valve.  Also, 
any  leakage  around  the  exhaust  valve  is  not  lost, as  a collection 
Ohamber  duqjfci  all  gases  released  by  the  engine  to  the  exit  nossle 
to  produoe  thrust.  Thus  It  was  assumed  that  the  loss  in  thrust  / 
from  this  leakage  is  sufficiently  small  to  be  negleeted. 

The  inlet  valve  1s  closed  during  the  burning  and  discharge 
phases.  The  worst  case  would  oeour  if  the  leakage  losses  were 
direotly  duo ted  to  the  outside  and  completely  lost.  Actually, 
there  will  be  an  interflow  from  one  tube  to  another,  and  the 
only  losses  will  oeour  at  the  outer  edges  of  the  inlet  Valve. 
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The  pressure  surrounding  the  inlet  valve  will  be  very  nearly 
the  total  pressure  of  the  incoming  air,  Aotually,  during  the 
latter  part  of  the  discharge  phase,  the  leakage  will  he 
reversed  and  air  will  flow  into  the  tubef. 

A hypothetical  ease  under  the  worst  conditions  will  have 
the  following  assumptions: 

1*  The  total  air  lost  tnrough  leakage  at  the  inlet  valve 
will  he  due  to  some  flow  during  the  diaoharge  phase. 

2.  The  leakage  flow  is  canpletely  lost  to  the  atmosphere 
by  eaoh  individual  tube. 

3.  The  leakage  area  will  be  that  formed  at  the  periphery  ^ 

of  eaoh  tube  for  a valve  olearanoe  of  0,005".  ( • 

4.  The  amount  of  flow  los?  due  to  leakage  will  be  given 
by  the  amount  of  flow  dlseharged  at  the  exit  multi- 
plied by  the  ratio  of  leakage  area  to  discharge  nozzle 
area  of  eaoh  tube. 

For  the  smallest  tubes  (diameter  a 0.95  inches),  the  per- 
centage of  the  discharged  flow  lost  tlirough  leakage  is 


Area  of  leakage  _ it  * o.9S  x ox>os  x too  - ? \ % 

Area  of  discharge  " ^ tt/4  * 0. 95* 

For  the  largest  tubes  (diameter  s 2.45  inches),  this  loss 
Is 


Area  of  leakage  _ .UL * £;*§.JL ?°°s* 229-  .0  34% 

Area  of  diaoharge  " tt/4  x 2.45* 

The  above  figures  indicate  that  2.1$  to  0.84$  of  the  air  dis- 
charged during  the  exhaust  phase  is  lost  through  leakage.  Since 
about  70$  of  the  total  air  is  discharged  during  the  exhaust  phase 
and  since  only  the  tubes  at  the  periphery  of  the  valve  ^ose  TheTlr~ 
air  dlreotly  to  the  outside,  the  leakage  losses  will  amount  to 
only  1$  of  the  total  mass  flow  tlirough  the  engine.  Since  the 
assumptions  used  to  calculate  the  losses  are  quite  conservative, 
it  was  decided  that  these  losses  could  be  negleotod. 
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SECT I OH  III 

ANALYSIS  OF  THE  DESIGN  OF  COMBUSTION  TUBES 
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At  the  present  stage  of  tha  Pulse-Det-Jet  engine  design 
and  daralopaant , it  is  not  known  what  the  neoesaity  ia  for  high 
oombustlon  tuba  wall  tamparaturaa  in  ordar  to  minimise  possible 
ignition  lag  and  provide  good  oombustlon  efficiency.  Tha  possi- 
bility exist a that  an  unoooled  tuba  structure  nay  prove  desirable 
in  order  to  oauae  a rapid  conversion  of  the  flame  ignition  into 
a detonation  combustion  wave. 

Possible  cooled  structures  were  analysed  simultaneously  with 
unoooled  structures  to  estimate  comparative  advantages  and  dis- 
advantages  and  optimise  the  theoretioal  design  as  rapidly  as 
possible.  As  volume  and  weight  are  critical  and  an  inexpensive 
structural  material  is  desirable,  the  field  of  present  possible 
structural  materials  for  an  unoooled  structure  is  very  limited. 

In  unoooled  structures,  the  following  materials  were  considered: 

(1)  Zirconium  Boride  plus  Nickel  (American  Electro  Metals 
Corporation) 

( 2 ) Metamio  - LT  - 1 (Haynes  Stellite  Dir.,  Union  Carbide 
and  Carbon  Corporation) 

3)  Graphite  - EBP  (National  Carbon  Company) 

4)  Graphltar  (The  United  States  Graphite  Company) 

6)  Stabilised  Zirconium  Oxide  (The  Norton  Company) 

6)  Silioon  Carbide  (The  Carborundum  Company) 

The  following  materials  were  considered  for  possible  use  in  oooled 
structures: 


(1)  SAE  4130  Heat  Treated 
2)  Stainless  19-9  DL 

(3)  Haynes  Alloy  No.  25  (Haynes  Stellite  Division) 

(4)  Kent onl urn  K151A  (Kennaaetal,  I ho.) 


Initial  calculations  were  made  to  determine  the  equilibrium 
temperature  of  the  unoooled  tube  exit  considering  only  the  flow 
through  the  tube.  The  local  tube  heat  transfer  ooeffioients  were 
calculated,  using  turbulent  flow  heat  transfer  formula  for  tubes. 
(See  Reference  (6)). 
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R*.  • Reynolds  Number  of  flow  with  respeot  to 
a tho  tub*  diameter  (dimensionless) 

v 

Pr  s Prandtl  l<un\b«r  of  gas  (local)  (dimensionless) 

The  cost  reoent  extrapolations  of  thermal  conductivity  and 
viscosity  of  air  by  Keyes  (See  Reference  6)  were  used. 

At  a maxinun  combustion  ohamber  temperature  and  pressure  of 
3000°  7 and  400  pal,  respectively,  it  was  found  that  the  equi- 
librium tube  wall  temperature  would  be  2700°  7 • This  high  un- 
oooled  tube  wall  temperature  results  from  the  exhaust  flow  heat 
transfer  coefficients  being  about  twioe  the  scavenge  flow  heat 
transfer  coefficients  and  from  the  applied  durations  (the  scaveng- 
ing portion  of  the  engine  oyole  amounts  to  only  one- third  the 
duration  of  the  exhaust  flow  condition  at  the  tube  exit)*  The 
unoooled  equilibrium  tube  wall  temperature  decreases  along  the 
tube  from  the  exit  to  the  forward  end  ef  the  tube  in  a fashion 
-substantially  proportional  to  the  duration  of  hot  exhaust  flow 
at  Jfche  place  Involved  in  the  tube*  It  was  found  that  longitudi- 
nal" heat  transfer  through  the  metal  or  ceramic  wall  could  be 
negleoted  in  comparison  to  the  convective  surface  heat  transfer* 

An  equilibrium  wall  temperature  only  a few  hundred  degrees  above 
' the  total  inlet  air  temperature  should  exist  at  the  forward  end  of 
the'*tube  • 

3*2  Cooled  Tube  Structures 

The  required  heat  transfer  in  an  externally  air  oooled  tube 
design  for  high  Mach  number  low  altitude  operation  was  then  cal- 
culated assuming  a mean  tube  temperature  of  1100°  7 and  a tube 
material  of  heat  treated  4130  steel*  Although  an  average  flow 
of  only  8$  of  the  total  air  flow  passing  through  the  tubes  is 
required  to  absorb  the  required  heat  flow  from  the  surface  of  the 
combustion  tubes  (temperature  rise  of  only  130  degrees  in  this 
external  air  flow) , the  external  surface  area  of  the  ooabustlon 
tubes  is  far  too  small  to  transfer  the  required  heat  flow. 

Designs  considering  tube  finning  and  special  cross  flows  failed 
by  a large  margin  to  allow  external  air  ooollng  of  a simple  metal 
tube  to  be  considered  (particularly  in  the  region  of  the  tube 
exits)*  * 

Regenerative  fuel  ooollng  of  the  4130  tubes  was  then  con- 
sidered* The  ilaxlmum  allowable  wall  temperature  is  low  as 
local  fuel  vaporisation  must  be  prevented*  Under  this  condition, 
the  required  heat  absorption  by  the  fuel  is  about  three  times 
the  amount  that  may  be  absorbed  by  the  fuel  without  vaporisation 
at  reasonably  high  pressures ( ^ sso  pel).  Reoiroulation  of  the 
fuel  to  an  inlet  air  heat  exchanger  was  not  attractive  on  the 
basis  of  the  trapped  fuel  and  heat  exohanger  weights  as  well  as 
the  large  pump  requirements  and  general  design  engineering  com- 
plexity* 

Composite  metal-ceramic  structures  were  considered  in  order 
to  reduce  the  required  heat  flow  to  an  external  cooling  air  flow* 
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A fundamental  difficulty  exists  in  tbs  proper  distribution  of 
stresses  with  large  o bangs ■ in  operating  temperature.  The  mean 
expansion  of  the  metal  tube  surrounding  a oeraaio  liner  oould 
be  matched  (at  least  in  theory)  for  one  temperature  profile  but 
not  for  another*  Snamel-type  ooatlngs  appear  to  be  temperature 
limited  to  about  1800°  F ton  operational  temperature  at  the 
present,  and  are  consequently  unsuitable  in  this  application. 

A struoture  containing  both  a cooled  and  uneooled  portion 
was  giren  some  thought.  As  oompresalve  strengths  of  many 
materials  are  much  greater  than  their  tensile  strengths 
(particularly  at  high  temperature),  an  uneooled  oombustlon  tube 
was  considered  to  be  externally  pressurised  by  high  pressure 
air  contained  in  a surrounding  metal  tube.  The  surrounding 
metal  tube  was  oooled  by  a small  external  air  flow  as  the  heat 
flow  to  the  metal  from  the  uneooled  inner  tube  may  be  shown  to 
be  quite  small.  The  buckling  strength  of  the. inner  uneooled 
tube  was  computed  by  formulae  giren  by  R.  a.  Sturn  (Reference  7) 
or  S.  B.  Batdorf  (Reference  8).  Suoh  a composite  struoture 
actually  gave  minimum  total,  tube  weights,  but  the  scheme  appears 
undesirable  on  the  basis  of  the  mechanical  attachment  complexity 
of  pressurising  lines  and  difficulty  of  ensuring  reasonable 
stable  leakproof  operation  on  the  high  pressure  air.  In  addition, 
some  source  of  high  pressure  air  or  gas  is  required. 

Other  materials  considered  for  the  proposed  oooled  struoture 
present  fundamentally  the  same  problems  as  in  the  oase  of  4130. 
Since  it  ia  desired  to  here  oombustlon  chamber  temperatures  in' 
excess  of  3000°  F,  improvement  in  the  material  properties  at 
2000®  F level  does  not  mean  too  mush  in  this  design. 

3*2  Uneooled  Tube  Structures  - General 

A oombustlon  tubs  structure  composed  of  uneooled  tubes 
oapable  of  taking  the  required  pressure  loads  st  high  tempera* 
ture  would  be  moat  desirable.  A review  of  the  material  prop- 
erties of  unoooled  tube  material  follows. 


Ziroonium  Boride  plus  niokel  appears  to  bs  the  most  suit- 
able material  exoept  that  it  is  presently  being  made  on  only  a 
laboratory  scale.  ^Reference  9).  However,  it is  oxidation- 
resistant  at  very  high  temperatures,  has  the  exoellent  rupture 
•trength  of  100,000  pal  at  8400°  F,  and  ia  very  thermal  ahoek- 
reelatant.  Rupture  strength  represents  s combined  effect  of 
oompreaslvo  end  tensile  strengths,  and  it  may  bs  that  the 
tensile  strength  le  considerably  lees  than  the  rupture  strength. 
However,  even  20,000  pel  tensile  strength  at  2400®  F would  be 
moat  sxeellsnt.  Tht  thermal  oonduotivlty  of  Ziroonium  boride 
ia  in  the  range  of  the  alloy  steels  and  its  density  is  only 
two-thirds  that  of  steel.  Experiments  which  plunge  samples 
heated  to  4710°  F into  water  with  no  material  fracture  demon- 
strate its  excellent  thermal  shook  properties.  Hors  information 
is  being  sought  of  Amerlean  iSleotro  Metals  Corporation  to 
determine  the  feasibility  of  using  Ziroonium  boride  tubes  sa  the 
combustion  ducts  of  the  Pulse-Set* Jet  engine.  Presently  looking 
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is  information  on  its  elaatio  modulus,  expansion  oosffloient,  ! 

spaoifio  heat,  and  oraap  strength  data  up  to  high  temperatures. 

$ 

Metamio  beoomes  quite  weak  at  elerated  temperatures 
(LT-1  has  a tensile  strength  of  3400  psi  at  about  2400°  F),  (See 
Referenoe  10),  and  the  tensile  strength  Tarsus  temperature 
decreases  in  a fashion  suoh  that  very  little  strength  would  he 
expected  at  3000°  F,  In  addition,  the  thermal  and  meohanioal 
shook  stability  of  Ketamlo,  though  better  than  many  materials,  ; 

does  not  appear  good  enough  for  the  rigorous  conditions  imposed  i 

by  this  engine.  ; 

Graphite  has  exoellent  thermal  shook  properties,  but  is  low 
in  thermal  strength  and  oxidizes  in  air  above  700°  F.  however, 
graphite  increases  in  tensile  strength  and  in  elastic  modulus 
with  an  increase  in  temperature  up  to  about  4300°  F,  (Gee  Reference 
(11),  (12).  In  addition,  it  is  known  (verbal  communication)  that 
graphite  can  be  oo&ted  with  molybdenum  disiliolde  or  silicon 
carbide  to  form  a thin  oxidation-resistant  ooeting  which  is 
adherent  over  a wide  temperature  range.  The  molybdenum  disiil- 
oide  oo&ting  is  less  rough  than  the  silicon  carbide  coating  and 
would  probably  be  preferable  in  this  application.  A design 
tensile  strength  of  3000  pel  is  considered  at  high  temperatures 
for  a graphite  structure  similar  to  iSBP  of  the  National  Carbon 
Company.  Such  a structure  appears  tneoretieally  feasible  and  is 
presently  considered  in  the  design  of  the  Pulse-bet- Jet  Sngine 
with  the  possibility  of  Ziroonium  Boride  tubes  as  an  alternate 
tube  material.  The  required  wall  thickness  to  diameter  and 
length  ratios  are  less  than  those  easily  available,  but  it  is 
believed  thicker  pieces  oould  be  molded  and  turned  down  to  the 
required  thickness.  The  ooatings  on  individual  tubes  and  their 
strength  could  be  tested  before  assembly  and  defective  tubes  dis- 
carded. 

Graphitar  is  the  trade  name  of  the  U.5.  Graphite  Company 
for  their  graphite-oarbon  mixtures.  A wide  range  of  material 
properties  may  be  aohieved,  but  the  largest  values  of  tensile 
strength  are  obtained  on  the  purest  graphite  samples,  lower 
thermal  conductivity  may  be  obtained  by  the  addition  of  oarbon 
with  a sacrifice  in  thermal  strength.  Graphite-oarbon  bodies 
offer  no  theoretical  advantage  for  use  as  unoooled  oombustion 
tubes  as  compared  to  pure  graphite  bodies. 

Stabilized  Ziroonium  Oxide  of  the  Norton  Company  (Reference 
13)  apparently  has  many  desirable  properties  for  use  at  high 
temperatures,  but  it  is  highly  dubious  that  it  is  sufficiently 
thermal  shook  resistant  as  its  thermal  conductivity  and  specifio 

heat  are  low. 

Silioon  Carbide  has  an  sxoellent  thermal  conductivity  but 
it 8 modulus  of  rupture  is  only  800  to  3125  psi  at  2460®  F 
(Referenoe  14) , so  that  thick  walls  must  be  used  in  suoh  pro- 
posed combustion  ducts. 


RESTRICTED 


n -»it  - i -.■3er«fJ»tt  r<? 


I 


RESTRICTED 

/(5>»w®eT  &ma**rram 

HEHORTM  A0C-/&-2 

wm  / 9 

#EPR£S£Wn77&  7EMP£ft*7W£  AHO  S77&SS  HRCHlfS  /#  7V6£  mi 


/H/T//U.  COMdO'STWH  COH0/770HS  IT  10W  HACH  HO. 


I 


S75i0fS7?fTF  0W&/ST70//  C6W&770HS  AT H/6H  HtACH  W.  AW  KWAOnVOE 


FlAMf  OdTAT  HATH  MACH  HO  AM 7 10WA£17TW£ 


feFSTmrTEn 


RESTRICTED 


3.3  Thermal  Shook  Considerations 

Ab  thermal  shook  properties  often  appear  to  bo  eritieal 
in  the  design  of  the  unoooled  oombuation  tubes  for  the  Pulae- 
Det-Jet  engine,  a review  was  made  of  existing  thermal  shook 
or  stress  theoxy,  A reoent  artiole  by  c.  X.  Cheng  (Reference 
15)  shows  good  correlation  between  theory  and  experiment  con- 
cerning the  thermal  shock  failure  of  flat  plates.  Timoshenko 
(Reference  16)  gives  a thermal  stress  analysis  for  tubes  as 
well  as  flat  plates  that  does  not  analyze  in  detail  the  tempera 
ture  gradients  that  result  as  a consequence  of  the  resistance 
factor  (R  * k/hb),  as  shown  by  Cheng,  but  formulates  the  ther- 
mal stress  equation  to  allow  the  determination  of  stresses  for 
any  assumed  or  oaloulated  temperature  gradient.  Row  transient 
heat  transfer  charts  {Reference  17)  allow  the  temperature  pro- 
file in  a material  to  be  determined  readily  so  than  an  approxi- 
mate consei’vat  ive  temperature  difference  is  obtained  for  use 
in  Timoshenko's  formula  for  thin  wall  tubes: 


<r  z thermal  stress  = pal 

OL  z thermal  expansion  coefficient  i 
inohes/inch/°F 

E s Modulus  of  Elasticity  r p3p 
£T  z Temperature  difference  r o$» 
y - Poisson’s  Ratio  = dimensionless 

The  tube  tensile  strength  at  the  local  temperature  must  be 
greater  than  the  thermal  stress  to  prevent  fracture. 

Figure  19  gives  representative  temperature  and  stress  pro- 
files in  an  unoooled  tube  wall  as  determined  by  the  flight 
condition.  It  may  be  perceived  that  the  most  critical  thermal 
stress  will  exist  in  a tube  wall  at  the  cessation  of  combustion 
at  the  highest  flight  speed  and  lowest  altitude.  The  thicker 
the  tube  wall,  the  larger  may  be  the  maximum  internal  tube 
pressure,  as  given  by  the  conventional  hoop  stress  formula  for 


tensile  stress  z psi 
tube  radius  z inches 
tube  thickness  z inches 

pressure  differential  across  tube 

wall  a psi 
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However , the  thicker  the  tube  wall,  the  greater  will  be  the 
temperature  difference, AT,  upon  starting  and  stopping  combus- 
tion with  resulting  greater  thermal  stresses.  Upon  cessation 
of  ooitustlofl  i&  uncooled  tuba  9 tha  outer  tuba  fibat'a  ut 
hi«h  temperature  are  put  into  compression  as  the  inner  tube 
fibers  seek  to  contract  upon  cooling  and  are  prevented  beoauee 
of  adher.no.  to  tho  outer  tuto  fH>.ra.  Thuo  t.no  lnnor  tub. 
fibers  are  put  into  tension  at  an  initially  high  temperature. 
Upon  heating  the  tubes  initially  by  the  combustion,  the  inner 
tube  fibers  are  put  into  compression,  the  initially  oold  outer 
tube  fibers  in  tension.  The  difference  in  the  material  tempera- 
ture level  should  make  the  oessation  of  oombustion  oase  the  most 
oritioai. 


Figure  EO  summarises  available  information  on  various  high 
temperature  materials.  It  is  obvious  that  mors  information  is 
required  to  aoourately  evaluate  oombustion  tube  material  on  a 
theoretioal  basis  as  to  thermal  stressing.  However,  using  this 
information  and  making  educated  guesses  of  the  unknown  quantities, 
the  calculation  of  approximate  required  tube  thickness  and  thermal 
stress  as  a stringent  cooling  requirement  is  allowed.  The  results 
of  these  calculations  are  presented  in  Figure  El.  Charts  for 
transient  heat  transfer  in  flat  plates  were  used  to  determine  the 
maximum  thermal  stress  in  the  tubs  wall.  (3ss  Reference  17). 

For  the  present  wall  thiokness  to  diameter  ratios  used,  this  is 
a good,  approximation.  The  temperature  profile  versus  radius  was 
then  plotted  and  the  temperature  difference  obtained.  Timoshenko’s 
formula  was  then  used  to  obtain  the  maximum  stresses  (Reference  16). 
It  is  believed  that  the  calculations  are  conservative , even  by  a 
factor  of  two,  as  some  material  variations  in  speoifio  heat  and 
thermal  conductivity  with  temperature  have  been  neglected  as  well 
as  the  easing  of  local  temperature  gradients  oaused  by  preheating 
of  boundary  layer  air  by  the  preoeeding  tube  areas  and  an  inter- 
mittent air  flow  (flow  occurs  only  50;',  of  the  time,  whereas  steady 
state  flow  has  been  assumed  in  the  thermal  stress  paloulation) . 

From  Figure  18,  it  is  peroeived  that  only  graphite  or  Zirconium 
Boride  plus  niokel  may  be  considered  in  this  application  on  the 
basis  of  the  thermal  shook  calculations.  Thermal  shook  calcula- 
tions for  ailioon  oarbide,  ketamic  LT-1,  and  Kentanium  K-151A  were 
not  made,  as  their  properties  at  3000°  F are  not  sufficiently 
good  to  warrant  serious  consideration. 
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SECT! OK  IV 

EXPERIMENTS  OH  DETOHATIOH 


4.1  Experimental  Apparatus  f 


A shock  tub®  has  boon  set  up  in  which  the  detonation 
of  fuel/air  mixtures  by  means  of  shook  waves  o&n  be  investi- 
gated, A simple  layout  sketch  of  the  apparatus  is  shown  in 
Figure  22.  This  tube  is  enclosed  in  a 4-inoh  pipe  casing 
for  safety  precautions.  The  right  end  of  the  detonation 
tube  is  left  open  and  a window  in  the  4-inoh  oaslng  makes 
it  possible  to  observe  the  open  end  of  the  detonation  tube. 
Pressures  up  to  100  psi  gage  have  been  used  in  the  o empress- 
ion  chamber.  .71  th  this  pressure, when  the  cellophane  dia- 
phragm brerks.a  shock  wave  having  a pressure  ratio  of  2.40 
is  propogated  through  the  detonation  tube.  The  detonation 
tube  is  filled  with  the  fuel/air  mixture  and  the  observation 
of  a flash  at  the  open  end  of  the  detonation  tube  will  Indi- 
cate that  a detonation  wave  has  been  initiated  by  the  shook 
wave. 


The  reeults  of  these  experiments  will  be  reported  in  the 
next  progress  letter. 
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